Abstract Due to the critical correlation between inflammation and carcinogenesis, a therapeutic candidate with anti-inflammatory activity may find application in cancer therapy. Here, we report the therapeutic efficacy of celastrol as a promising candidate compound for treatment of pancreatic carcinoma via naïve neutrophil membrane-coated poly(ethylene glycol) methyl ether-block-poly(lactic-co-glycolic acid) (PEG-PLGA) nanoparticles. Neutrophil membranecoated nanoparticles (NNPs) are well demonstrated to overcome the blood pancreas barrier to achieve pancreas-specific drug delivery in vivo. Using tumor-bearing mice xenograft model, NNPs showed selective accumulations at the tumor site following systemic administration as compared to nanoparticles without neutrophil membrane coating. In both orthotopic and ectopic tumor models, celastrol-loaded NNPs demonstrated greatly enhanced tumor inhibition which significantly prolonged the survival of tumor bearing mice and minimizing liver metastases. Overall, these results suggest that celastrol-loaded NNPs represent a viable and effective treatment option for pancreatic carcinoma.
Introduction
Pancreatic cancer is the 3rd leading cause of cancer-related mortality in the United States, and over 53,000 people were diagnosed with pancreatic cancer in the year of 2015 1, 2 . Often, patients with pancreatic cancer failed to be diagnosed until the disease reaches an advanced stage due to asymptomatic conditions 3 . Pancreatic cancer aggressively metastasizes to adjacent organs or tissues including lymph nodes, liver, peritoneal cavity, large intestines or lung thus resulting in very limited clinical treatment options besides surgery and chemotherapy 4, 5 . Depending on the stage and metastasis of the tumor, surgical intervention is only possible in about 15% to 20% of the cases 1, 6 . Chemotherapy with gemcitabine, fluorouracil (5-FU) or a combo with nanoparticle albumin-bound paclitaxel (Nab-paclitaxel) are recommended as standard treatment options with serious adverse effects among patients 7, 8 . Overall, effective yet safe therapeutic options are still lacking.
Over the past decade, the connection between inflammation and tumorigenesis has gradually been recognized in various pathological contexts such as esophageal cancer after Barrett's metaplasia, colorectal cancer after inflammatory bowel disease, ulcerative colitis and Crohn's disease or pancreatic ductal adenocarcinoma after chronic pancreatitis [9] [10] [11] . Regarding the pathogenesis of acute or chronic pancreatitis, activation of nuclear factor kappa B (NF-κB) has been an early response to inflammation in the experimental model of pancreatitis resulting in the secretion of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) [12] [13] [14] . Increased mitogenic signals create a selective pressure to acquire mutations favoring survival or uncontrolled proliferation which may further lead to carcinogenesis 15 . Thus, therapeutics specifically inhibiting NF-κB may be explored as antitumor candidates for the treatment of pancreatic cancer. Celastrol (CLT) is a pentacyclic triterpenoid extracted from traditional Chinese medicine, Tripterygium wilfordii Hook. f., which displays superior anti-inflammatory activity by inhibiting NF-κB activation in multiple inflammation disease models 12, [16] [17] [18] . CLT has also been shown to display extensive antitumor activity against various cancers including acute promyelocytic leukemia, hepatocellular carcinoma, osteosarcoma, melanoma, gastric cancer, pancreatic cancer, and colon cancer 19 . Our previous work reported a CLT-derived compound to achieve targeted therapy against severe acute pancreatitis (AP) via a N, N-dimethyl-1,2-diaminoethane moiety 12 . However, delivering therapeutic cargos selectively to the pancreas following systemic administration has always remained a great challenge for targeted therapy of pancreatic diseases.
Neutrophils as the early leukocytes recruited to an inflammatory site provide the first line of defense from innate immune system against infections [20] [21] [22] . Recently, the application of neutrophils as therapeutic vehicles in cancer therapy has gradually been recognized. Zhang et al. 23 reported a neutrophil-based delivery strategy for suppression of postoperative malignant glioma recurrence using live neutrophils carrying paclitaxel-loaded liposomes.
Meanwhile, Kang et al. 24, 25 highlighted the use of activated neutrophil membrane-coated nanoparticles targeting to circulating tumor cells in the treatment of metastatic breast tumor. Instead of using viable cells, cell plasma membrane-camouflaged nanoparticles offer a unique platform technology to achieve site-specific delivery of therapeutic cargos in the treatment of cancer and inflammatory diseases [26] [27] [28] [29] . Herein, we hypothesize that the naïve neutrophil plasma membrane should endow therapeutic nanoparticles the neutrophil-like profiles which can be recruited by chemokines, and driven to the tumor site 30 . In this study, CLTloaded PEG-PLGA nanoparticles were synthesized, coated with naïve neutrophil membrane, and explored for the targeted therapy of pancreatic adenocarcinoma in animal models. 0 ,6-Diamidino-2-phenylindole (DAPI) was bought from Beyotime (Haimen, China). All other reagents and chemicals used were of analytical grade.
Materials and methods

Materials, cells and animals
Murine RAW264.7 macrophages, murine Panc02 pancreatic cancer cells, L929 mouse fibroblasts and human umbilical vein endothelial cells (HUVEC) were purchased from the Shanghai Institutes for Biological Sciences. Panc02 cells with standard green fluorescent protein (GFP) expression were obtained from Keyuandi Biotech (Shanghai, China). RAW264.7, Panc02 and B16F10 cells were maintained in RPMI 1640 culture media supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin at 37 1C in a humidified atmosphere containing 5% CO 2 .
Female C57BL/6 mice (20 7 2 g) and male Sprague-Dawley rats (200 7 20 g) were purchased from Sichuan People's Hospital (Chengdu, China) and maintained under standard housing conditions. All animal protocols were performed in accordance with institutional guidelines, and approved by the Ethics Committee of Sichuan University.
Isolation of peripheral neutrophils and membranes
First, 20 mL of whole blood was collected from male SpragueDawley rats by cutting femoral artery. Next, naïve neutrophils were collected from using a neutrophil collection kit (Haoyang TBD science, Tianjin, China) per the manufacturer's protocol.
In brief, cells were suspended in 10 mL hypotonic lysis buffer. The buffer was consisted of potassium chloride (KCl), magnesium chloride (MgCl 2 ), as well as one ethylene diamine tetraacetic acid (EDTA)-free mini protease inhibitor tablet (Selleck, Shanghai, China), and further broken using a homogenizer. The entire solution underwent 25 passes before spinning down at 3200 Â g (Allegra X-22R centrifuge, Beckman Coulter, USA), 4 1C, for 6 min. The supernatant was saved while the pellet was resuspended in lysing buffer and underwent another 20 passes and spun down again. The supernatants were pooled and centrifuged at 20,000 Â g, 4 1C, for 20 min, after which the pellet was thrown away and the supernatant was centrifuged again at 100,000 Â g, 4 1C, for 2 min. The pellet containing the plasma membrane was washed with 10 mmol/L pH7.5. Tris(hydroxymethyl)aminomethanehydrogen chloride (Tris-HCl) and 1 mmol/L EDTA. The final pellet was collected and to be purified neutrophil plasma membrane for the following experiments.
2.3. Preparation PEG-PLGA NPs with different sizes and targeting efficiency to pancreas PEG-PLGA NPs were synthesized using an emulsion/solvent evaporation method as previously described 13 . In brief, 20 mg of PEG-PLGA copolymer and CLT (10 mg)/DiD (250 mg) were dissolved in 1 mL of chloroform, which was then added with deoxycholic acid sodium and Solutol HS15 mixed aqueous solution. The mixture was then emulsified by probe sonication (Xinyi, Ningbo, China) on ice bath. Next, we prepared nanoparticles of different size distributions by varying the intensity and time of ultrasonication. PEG-PLGA NPs with an average size of 60 nm (NP60) was prepared by probe sonication (Xinyi, Ningbo, China) on ice bath (400 W, 180 s). PEG-PLGA NPs with an average size of 150 nm (NP150) was prepared by probe sonication on ice bath (240 W, 80 s), while PEG-PLGA NPs with an average size of 300 nm (NP300) was obtained by probe sonication at 200 W for 50 s. Next, chloroform was evaporated under reduced pressure at 40 1C. NNPs was obtained by coating PEG-PLGA NPs with neutrophil plasma membrane via a direct extrusion method 21, 32, 33 .
Preparation and characterization of NNPs
To prepare neutrophil membrane vesicles, membrane materials obtained were physically extruded for 11 passes through a 400 nm polycarbonate membrane. The resulting vesicles were then coated onto PEG-PLGA cores by co-extruding vesicles and cores through a 220 nm polycarbonate membrane (Sigma-Aldrich). To optimize the membrane-to-NPs ratio, NNPs were composed at membrane to NPs weight ratios ranging from 0 to 2.8 mg of protein per 1 mg of PEG-PLGA. PEG-PLGA nanoparticle cores without membrane coating were used as control. Particle sizes were determined in triplicate by dynamic light scattering analysis (Malvern, NanoZS90, UK), after adjusting the solution to 1 Â PBS, and over time for a period of 2 days in 1 Â PBS.
To determine the decoration of the neutrophil membrane, the particle size as well as ζ-potential of NNPs was determined by Malvern Zetasizer (Malvern, NanoZS90, UK). The morphology was observed using transmission electron microscopy (TEM, JEM-100CX, JEOL, Japan) after negative fixation with a drop of 1% (w/v) uranyl acetate solution.
Characterization of plasma membrane proteins
To characterize and compare membrane-associated proteins on the freshly obtained neutrophil membrane and NNPs, samples were reduced by 5 mmol/L dithiolthreitol (Sigma-Aldrich), and cysteine residues were alkylated by 10 mmol/L iodoacetamide (Sigma-Aldrich), and then subjected to desalting column purification or ethanol precipitation. Protein samples were then digested with trypsin (Promega, Madison, WI, USA). Then a dissolved peptide was analyzed by nanoLC-ESI-MS/MS (Agilent, Santa Clara, CA, USA), which consisted of a high-pressure liquid chromatography (HPLC, Agilent) with an in house packed reverse phase C18 capillary column (75 μm I.D. Â 8 cm, 3 μm in particle size, 300 Å in pore size). Solvent system consisted of solvent A (97.5% v/v water, 2% v/v acetonitrile, 0.5% v/v formic acid) and solvent B (9.5% v/v water, 90% v/v acetonitrile, 0.5% v/v formic acid). Gradient elution was started from 2% v/v solvent B to 90% v/v solvent B within 60 min. The flow rate was set at 800 nL/min. The injection sample volume was 3 μL. The HPLC system was coupled to a linear ion trap mass spectrometer (LTQ, Thermo, San Jose, CA, USA) in a way that a sample was then ionized by an electrospray ionization process and then got into the mass spectrometer. The ionization voltage was optimized in about 1.5-1.8 kV. The capillary temperature was set at 100 1C.
Stability and in vitro release
The release profiles CLT and DiD from NPs and NNPs were studied using a standard dialysis setup. In brief, 4 mL of NNPs/CLT and NNPs/Did were placed in dialysis tubes (MWCO 8000 Da), which were subjected to dialysis against 40 mL of 1 Â pH 7.4 PBS and 0.2% (w/v) Tween 80. The dialysis tubes were gently shaken at 100 rpm at 37 1C. At given time points, 1 mL of sample from the buffer was collected and replaced with 1 mL of fresh buffer. The concentrations of CLT was determined by liquid chromatographymass spectrometry (LC-MS) analysis. The mobile phase consisted of acetonitrile and 0.5% formic acid (80:20, v/v). At a flow rate of 0.4 mL/min, the total run time was about 4.5 min. The DiD concentrations were determined by fluorescence spectroscopy using an RF-5301PC spectrofluorophotometer (Shimadzu, Japan). The excitation wavelength was 647 nm and the emission wavelength was 664 nm. The cumulative drug release percentage was calculated as previously described 31 .
Cell uptake
RAW264.7, HUVEC, L929 cells were seeded in 12-well plates (Corning, NY, USA) at a density of 2 Â 10 5 cells per well and incubated for 24 h at 37 1C. RAW264.7 cells were incubated with or without 10 μg/mL LPS for 48 h prior to incubation with DiD, NPs/ DiD, and NNPs/DiD. To perform cell uptake studies, cells were incubated for 1, 2, and 4 h with free DiD solution, NPs/DiD, and NNPs/DiD at an equivalent dose of 1 μg/mL of DiD, respectively. At given time points, cells were harvested, washed, fixed, and subjected to FACS analysis (Beckman Coulter, Fullerton, CA, USA).
In vivo antitumor efficacy in orthotopic and ectopic pancreatic cancer model
A total of 40 female C57BL/6 (2072 g) were used to establish orthotopic pancreatic cancer mice models. The abdomen of each mouse was opened by a 0.5-cm left flank incision after injection of 4% chloral hydrate solution (0.1 mL/10 g, i.p.). First, the pancreas was exteriorized through the incision, and the pancreas was slowly injected with 5 Â 10 5 GFP-Panc02 cells. After injection, the postoperative pancreas was put back into the abdomen. The peritoneum and skin were then closed with a 5-0 vicryl suture. Two-week post inoculation, mice were randomized into the following treatment groups (n ¼ 10): (a) vehicle control (NNPs-only); (b) CLT solution (1 mg/kg); (c) NPs/CLT (equivalent to 1 mg/kg of CLT); and (d) NNPs/CLT (equivalent to 1 mg/kg of CLT). Forty days post tumor inoculation, half of the mice were sacrificed, major organs and pancreas from each group were removed and subjected to ex vivo imaging using IVIS system. The fluorescence intensity was used to represent remaining tumor cells. Meanwhile, the death time of the remaining mice was recorded to generate a survival curve.
As a comparison, a tumor xenograft mice model was established to evaluate the antitumor efficacy of various CLT-based treatment groups. In brief, 1 Â 10 6 Panc02 cells were inoculated into the right flank of all female C57BL/6 mice (6-8 weeks) subcutaneously. The length and width of the tumor were recorded using a caliper every other day. The tumor volume was calculated using the following equation:
The treatment groups were managed similarly as in the orthotopic cancer model. For both orthotopic and ectopic pancreatic cancer models, mice were administered with indicated treatments every seven days after the inoculation of tumor for consecutive four doses. Fifty days post tumor inoculation, mice were sacrificed, and solid tumors were then collected for further analysis.
Immunohistochemistry and histological analysis
For immunohistochemistry and histological studies, heart, liver, spleen, lung, kidney, pancreatic and tumor tissues were fixed with 10% neutral buffered formalin. Then, paraffinembedded continuous sections (5 μm) were subjected to hematoxylin and eosin (H&E) staining to examine pathology. Sections of all tissue samples were observed under light microscopy (Zeiss Axiovert 40, Göttingen, Germany). Then, the severity of pancreatitis based on edema, inflammation, leukocyte infiltration, alveolar wall thickening and collapse, vacuolization vascular congestion and destruction of alveolar wall, all of these can be seen. Histological evaluation of pulmonary injury was assessed for interstitial and intraalveolar leukocyte infiltrations, interstitial and intraalveolar edema, and fibrosis as previously described 34 . To explore the relationship between inflammation and cancer, histological analysis was conducted on tissue sections. Interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), tyrosine kinase receptor 1 (TNK1), nuclear factor κ-inducing kinase (NIK), interleukin-1β (IL-1β) and interleukin-6 receptor/cluster of differentiation 126 (IL-6R/CD126) as proinflammatory cytokines, nuclear factor kappa (NF-κB), inhibitor of nuclear factor κ-B kinase (IKK) as downstream inflammatory factors, and caspase 9 in the pancreas and tumors were stained using corresponding rabbit anti-rat or anti-mouse antibodies (1:200 dilution, Abcam, Cambridge, MA, USA) followed by biotinylated anti-IgG antibodies (ZSGB-BIO, China). Tissue sections were counterstained with hematoxylin for nuclei and observed under light microscopy (Zeiss Axiovert 40CFL, Germany).
Statistics
Student's t-test was performed for comparison between two groups, and one-way ANOVA analysis was conducted for comparing multiple groups followed by a Tukey post hoc analysis. All results were presented as mean 7 SD. A P-value of o0.05 was considered statistically significant.
Results
Synthesis and characterizations of NNPs
CLT-loaded PEG-PLGA nanoparticles (NPs) were synthesized via an emulsification method 13 . PEG-PLGA NPs displayed an average size of about 142.772.8 nm (Fig. 1C) with a narrow distribution (PDI, 0.17870.023, Fig. 1A) , and the obtained neutrophil plasma membrane vesicles showed an average size of about 183.673.7 nm (Fig. 1A and C) . The coating of neutrophil plasma membrane was accomplished via repeated extrusions 30, 31 . Upon fusion of the membrane vesicles with PEG-PLGA NPs, the obtained NNPs showed a slight increase in size distributions with an average size of 167.472.6 nm (PDI, 0.21570.037, Fig. 1A and C). TEM visualization showed the obtained NNPs displayed a typical core-shell structure with a single dimmer layer upon negative staining (Fig. 1B) . The thickness of the plasma membrane layer was around 10-20 nm, which is consistent with literature findings 24 . Compared to bare PEG-PLGA NPs, an increase of about 10 mV was observed for ζ potential of NNPs which is close to the level of the membrane vesicles (Fig. 1D) . According to previous studies on cell membrane-coated nanoparticles, the membrane coating occurs as a translocation of the plasma membrane bilayer onto the nanoparticle surface, resulting in a right-side-out conformation that allows the membrane to retain its functionality 24 . The encapsulation efficiency of NPs/CLT and NNPs/CLT were found to be 92.473.1% and 84.673.7%, respectively.
To optimize the membrane coating condition, NNPs were synthesized at membrane-to-core weight ratios ranging from 0 to 2.5 mg of membrane protein per 1 mg of PEG-PLGA particles (Fig. 1E) . At lower membrane-to-core ratios, a significant increase in the hydrodynamic radius was observed when nanoparticles were transferred to 1 Â PBS likely due to incomplete coverage by exposing the surfaces of the cores, thus resulting in low stability in ionic buffers. The effect was even more pronounced after 48 h, as samples with membrane coverage lower than 1 mg of protein per 1 mg of PEG-PLGA aggregated significantly (Fig. 1E) . The lowest membrane-to-core ratio at which the particles maintained size stability over time was around 1 mg of protein per 1 mg of PEG-PLGA. At this ratio, there was minimal size increase within 48 h (Fig. 1E) .
To ensure that NNPs retain membrane-associated proteins from neutrophil plasma membrane, we performed a proteomic analysis of membrane-associated proteins. Results showed that no nuclear protein was observed in neutrophil membranes or in NNPs indicating the purification and isolation process was successful. In addition, membrane-associated proteins mainly consisted of proteins found in structure/adhesion, signaling, immunity, transport and metabolism (Fig. 1F) . Also, no significant differences in protein abundance were observed between neutrophil membrane and NNPs (Fig. 1F) , indicating the repeated extrusion and coating steps did not result in the loss of membrane proteins.
Regarding the release profiles of CLT, free CLT showed rapid release with over 95% cumulative release within 7 h, while by encapsulating CLT into PEG-PLGA NPs and NNPs, the release of CLT from NPs/CLT and NNPs/CLT displayed a dual phase profile with less than 50% CLT cumulative release within 5 h (Supporting Information Fig. S1A ). Thus, loading hydrophobic small molecule drugs in nanoparticles could prolong the drug release substantially. However, plasma membrane coating did not impact the release behavior of drugs as compared to NPs without membrane coating. Meanwhile, we investigated the release profiles of DiD from NNPs and NPs, which displayed a low cumulative release ( o 30%) within the first 4 h (Fig. S1B) . Thereby, the slow leaking of DiD from the nanoparticles indicated that DiD-loaded nanoparticles could be used to explore the in vitro cellular distribution and the in vivo distribution profiles of NPs and NNPs.
NNPs enhance cellular uptake efficiency in activated macrophage, HUVEC and Panc02 cells
Using a near infrared dye as the fluorescence probe, NNPs/DiD markedly increased the uptake efficiency in LPS-stimulated macrophages RAW264.7 as compared to NPs/DiD, while no significant differences in the cellular uptake were observed between NNPs and NPs in RAW264.7 without LPS treatment ( Fig. 2A and B) . To evaluate the cell uptake of NNPs in endothelial cells, we used HUVECs to perform the uptake study. Interestingly, both NPs/DiD and NNPs/DiD showed timedependent uptake increase with significantly higher uptake efficiencies for NNPs/DiD at all time points under investigation (P o 0.05, Fig. 2C ). As suggested in literature, endothelial cells are activated by host inflammatory mediators such as TNF-α which can further mediate the adhesion of neutrophils 32 . Thereby, it is likely that the activation of endothelial cells during inflammation may recruit more NNPs to the site of inflammation. For mouse fibroblast L929, NNPs/DiD decreased the cellular uptake of DiD compared with NPs/DiD (Fig. 2D) , which suggests that NNPs is less likely to be taken up by normal cells.
Next, the cell uptake study in Panc02 cells showed that the intracellular fluorescence intensity increased dramatically over time for NPs/DiD and NNPs/DiD groups as compared to DiD solution (Fig. 2E) . In comparison, NNPs/DiD displayed significantly higher cellular uptake efficiency than NPs/DiD at each given time point (Fig. 2E) . Also, confocal microscopic images showed consistent results regarding cellular uptake over time profiles in Panc02 cells with NNPs/DiD showing the highest DiD fluorescence intensity among all groups under investigation (Fig. 2F ).
Cytotoxicity and apoptosis study
In vitro cytotoxicity study indicates CLT solution, NPs/CLT and NNPs/CLT showed dose-dependent inhibition of Panc02 cells, and that encapsulating CLT into nanoparticle formulations exhibited greater inhibitory effect against Panc02 cells than CLT solution after 24 h of treatment (Fig. 3A) . Specifically, the IC 50 values for NNPs/CLT, NPs/CLT and CLT were 0.98, 1.12, 1.58 μg/mL, respectively. Next, we quantified the proportion of apoptotic and necrotic cells by flow cytometry via annexin V-FITC and PI double staining. Both NPs/CLT and NNPs/CLT showed significantly higher apoptotic cell percentages than CLT solution (P o 0.05, Fig. 3B ), indicating encapsulating CLT in nanoparticles may help improve the efficacy of CLT. Moreover, NNPs/CLT displayed significantly higher apoptosis rate than that of either NPs/CLT (P o 0.05, Fig. 3B ), which is most likely due to enhanced cell uptake efficiency of NNPs in Panc02 cells as described in the previous section. Together, these results suggest that NNPs/CLT appeared to enhance the potency of CLT against Panc02 cells by increasing the internalization efficiency and apoptosis rate. Fig. 4A and B) , and in comparison, NPs/DiD and NNPs/DiD showed increased accumulations at the tumor site (Fig. 4B ). In addition, DiD solution displayed rapid metabolism and excretion in vivo, while NNPs/DiD showed prolonged circulation with significantly higher accumulations in the tumor after 24 h.
Regarding tumor inhibitory effect, the NNPs/CLT showed excellent antitumor efficacy as compared to the saline control, CLT solution and NPs/CLT treated groups, with tumor volumes being the smallest among all treatment groups at all given time points (Fig. 4C, D and F) . Moreover, the weight changes of tumor bearing mice across different treatment groups were not significant (P 4 0.05, Fig. 4E ) indicating the CLT based treatments are tolerable in mice and may not result in systemic adverse effects.
Orthotopic cancer model
In vivo imaging was performed in orthotopic GFP-Panc02 cancer model after repeated administrations of CLT solution, NPs/CLT, and NNPs/CLT via tail-vein injection (Fig. 5A ). Mice were sacrificed on day 28, and after opening the abdomen, ex vivo imaging showed extensive distributions of tumor cells in the saline group (Fig. 5A) , while groups treated with CLT formulations showed much less fluorescence intensity in the peritoneal (Fig. 5A) . Also, photo images indicated that the disease conditions of mice in the saline group deteriorated with pancreatic tissues and intestines turning dark (Fig. 5B) . Obviously, all CLT formulations dramatically improved the necrosis of viscera in tumor bearing mice (Fig. 5B) . Also, ex vivo imaging of vital organs and pancreas showed tumor metastasis to the brain in the saline and CLT solution groups, which was not shown in the NPs/CLT and NNPs/CLT groups (Fig. 5C) . The fluorescence intensity of the pancreas and the size of pancreas are direct indications of the efficacy of anticancer treatment. NNPs/CLT treated group showed a significant reduction in the fluorescence intensity of the pancreas with the size of pancreas being the smallest among all tumor bearing groups ( Fig. 5C-E) . NNPs/CLT appeared to significantly prolong the median survival time from 28 days (saline), 35 days (CLT), 38.5 days (NPs/CLT) to 63 days (NNPs/CLT, Fig. 5F ). 3.5. In vivo toxicity and therapeutic effect in ectopic and orthotopic pancreatic cancer models Toxicity remains another critical factor to evaluate the potential application of therapeutic agents and formulations. CLT has been reported with systemic adverse effects including cardiotoxicity, and hepatotoxicity 31, 33 . For the study using ectopic mice model, tissue histology analysis from H&E staining of major organs revealed no inflammation or cellular damages induced by NNPs/CLT. These results indicated that NNPs/CLT group did not induce systemic toxicity compared with other groups (Fig. 6 ). But CLT solution shows certain toxicity on heart, liver, spleen, lungs and kidneys. Tissue histology from H&E staining of major organs revealed no inflammation and no cellular damage induced by NNPs/CLT. All these results indicated that NNPs/CLT accumulation occurred in the pancreas and lungs without generating inflammation, suggesting neutrophil membrane represent a safe modification strategy in improving the biocompatibility of synthetic nanoparticles.
For the antitumor study using orthotopic model, NNPs/CLT treatment group showed no obvious toxicity to major organs compared to CLT solution group. Orthotopic pancreatic cancer models have been reported to develop metastasis to adjacent organs such as liver and gastrointestinal tract 34, 35 . In our study, saline, CLT solution, and NPs/CLT all showed obvious liver metastases with dense nuclei clusters representing tumor cells (Fig. 7) . Intriguingly, NNPs/CLT treatment group showed greatly reduced liver metastases with the least number of metastatic cancer nests among all treatment groups (Fig. 7) . 
Figure 6
In vivo toxicity and therapeutic effect in ectopic pancreatic cancer model. The major organs and tissues were collected for H&E staining and histological analysis. These are representative sections from five mice analyzed for each condition. Scale bar ¼100 mm.
Immunohistochemistry staining of tumor sections in orthotopic and ectopic pancreatic cancer model
Per the immunohistological analysis of tumor sections, the NNPs/ CLT-treated group displayed obvious tumor area shrinkage as indicated by fewer tumor cells and more void spaces in the core of tumor tissues, less Ki67 positive cell staining and more TUNEL positive cells in NNPs/CLT treated group (Fig. 8A) , indicating the extraordinary antitumor efficacy of NNPs/CLT attributed to the enhanced anti-proliferation and apoptosis-induction effect.
Per the immunohistological analysis of tumor sections, dramatic tumor area shrinkage, less Ki67 positive cell staining and extensive TUNEL positive staining were observed for the NNPs/CLT treated group (Fig. 8B) , indicating the extraordinary antitumor efficacy of NNPs/CLT was likely attributed to the greatly enhanced anti-proliferation and pro-apoptosis effect.
Mechanistic insights into the role of NNPs/CLT to treat pancreatic cancer
Per the immunohistochemistry analysis of both ectopic and orthotopic tumor tissues, results showed obvious downregulation of IL-6, IL-1β and NF-κB in the NNPs/CLT treatment group (Figs. 9 and 10) . Consistently, NNPs/CLT treatment appeared to down-regulate the levels of NIK, TAK1, and Ki67 compared with saline and other CLT-based treatment groups (Figs. 8-10 ), thus indicating a positive anti-inflammatory response in the local tumor environment. According to literature, the tumor inhibitory effect and anti-angiogenesis of CLT has been reported in the treatment of prostate cancers, which is likely mediated through inhibiting the AKT/mTOR signaling pathway 36 . The pharmacological effect of CLT has been well validated in several studies, which is suggested to mainly function by inhibiting NF-κB signaling pathway [36] [37] [38] [39] . As NF-κB is actively involved in the proliferation of cancer cells, the inhibition of NF-κB may thus result in anti-proliferation and pro-apoptosis effect.
To gain further insights into the treatment of pancreatic cancer using CLT, possible signaling pathways behind CLT treatment were summarized in Supporting Information Fig. S2 . Overexpression of IL-6 and IL-1β have been found to contribute to the pathogenesis of inflammatory diseases as well as cancer [40] [41] [42] . As shown in Fig. S2 , the downregulation of IL-6 and IL-1β may further impact the downstream factors such as IKK and NF-κB. Notch-mediated IL-6 upregulation was controlled by IKKα and IKKβ, which are inhibitors of NF-κB kinase subunit α and β, respectively, in the NF-κB signaling cascade 43 . Moreover, the transcription factor, NF-κB coordinates the expression of genes that control cell proliferation, survival, and transformation 44 . Thus, strategies that can suppress the activation of NF-κB may show promising therapeutic effects against tumor growth, suggesting NF-κB as a critical therapeutic target for the treatment of pancreatic cancer.
Discussion
Due to the malignancy nature of pancreatic cancer and the difficulty to diagnose at an early stage of tumor progression, pancreatic carcinoma remains a leading cause of cancer-related mortality worldwide. Despite advances in cancer chemotherapy, limited treatment options are available for pancreatic cancer, which often result in severe adverse effects and poor patient response 45 . As part of the innate immune defense system, neutrophils are the early cell types recruited to the site of injury through tethering, rolling, crawling and transmigration 46 . The recruiting process Figure 7 In vivo toxicity and therapeutic effect in orthotopic pancreatic cancer model. The major organs and tissues were collected for H&E staining and histological analysis. Liver metastatic nests were pointed out by white arrows. These are representative sections from five mice analyzed for each condition. Scale bar ¼100 mm.
involves the interaction between P-/E-selectin and their glycosylated ligands such as P-selectin glycoprotein ligand 1, and integrinmediated adhesion [46] [47] [48] . Neutrophils have previously been revealed as potent vehicles that can carry nanoparticles or therapeutics to efficiently migrate across blood vessels to reach either the inflammation or the tumor site 23, 49 . To improve pancreas-specific drug accumulation, the neutrophil membranecoating strategy may render therapeutic nanoparticles neutrophillike properties such as extravasation from blood vessels to the site of tissue injury and chemokine-driven adhesion which may greatly benefit targeted drug delivery to the pancreas. In this work, we fabricated naïve neutrophil membrane-coated PEG-PLGA nanoparticles and explored the therapeutic effect of CLT loaded NNPs for the treatment of pancreatic adenocarcinoma both in vitro and in vivo.
From the in vitro cellular uptake study, NNPs showed significantly enhanced cell internalization efficiency in Panc02, LPSstimulated RAW264.7 and HUVEC cells compared to nanoparticles without neutrophil membrane coating, which indicates the great potential of NNPs to achieve tumor-selective and inflammation-targeted delivery. In the subsequent studies of apoptosis, NNPs/CLT have been shown to significantly enhance the apoptosis rate of murine Panc02 cells as compared to CLT solution and NPs/CLT. These results further imply that NNPs/CLT may show improved therapeutic efficacy in vivo.
Next, to explore the therapeutic efficacy of NNPs/CLT in vivo, we established both a Panc02 tumor bearing xenograft mice model and an orthotopic GFP-Panc02 mice model. The selective accumulation of NNPs/DiD and NPs/DiD at the tumor site following systemic administration is likely mediated by the enhanced permeability and retention effect. Moreover, the enhanced accumulation of NNPs/DiD at the tumor site may be attributed to the enhanced cell uptake efficiency of NNPs/DiD in Panc02 cells. Regarding antitumor efficacy in vivo, NNPs/CLT have been proven to significantly inhibit tumor growth as compared to CLT solution or NPs/CLT thus further indicating improved therapeutic efficacy of NNPs/CLT in both ectopic and orthotopic tumor models. According to the literature, a blood-pancreas barrier has remained the major biological barrier for efficient delivery of therapeutics to the pancreas following systemic Figure 8 Immunohistochemistry staining of tumor sections of ectopic pancreatic cancer model (A) and orthotopic pancreatic cancer model (B). Scale bars represent 100 μm. administration 50, 51 . which often resulted in the limited drug distribution in the pancreas thus a lack of therapeutic efficacy in vivo. Two strategies have been reported to achieve pancreas targeted drug delivery [52] [53] [54] : i) small molecule ligands were introduced via chemical modification to afford drug-ligand conjugates; ii) nanoscale delivery systems with targeting ligands, e.g., nanoparticles were modified with peptides, antibodies or antibody fragments to afford targetability. Although chemical conjugation can help improve drug distribution in the pancreas, it usually involves multiple synthesis steps. Similarly, nanoscale delivery systems with active targeting ligands also involve complex processing technology and high cost of manufacturing, despite the advantages of enhanced pancreas-specific drug delivery 55, 56 . Herein, neutrophil membrane-coated nanoparticles offer a unique technology to render polymeric nanoparticles biomimicking properties, which are well demonstrated to overcome the blood-pancreas barrier to achieve pancreas-specific drug delivery in vivo. Figure 9 Immunohistochemistry of IL-6, NIK, IL-1β, NF-κB, IKK, CD126, TAK1 and TNF-α staining of tumor sections in the ectopic pancreatic cancer model. Scale bar ¼ 100 μm.
Clinically, the therapeutic efficacy of a drug is often limited due to a lack of site-specific distribution, and the "off-target" distribution to vital organs may cause systemic toxicity. Neutrophil membrane-coated nanoparticles have shown enhanced tumorspecific distribution in Panc02 tumor bearing mice xenograft model, which suggests coating nanoparticles with neutrophil membrane render nanoparticles the affinity to tumor cells. Moreover, coating polymeric nanoparticles with neutrophil membrane may greatly decrease the immunogenicity of synthetic nanoparticles following systemic administration thus improving the biocompatibility of these nanoparticles.
The pharmacological effect of CLT has been well validated in several studies, which is suggested to mainly function by inhibiting NF-κB signaling pathway 57, 58 . As NF-κB is actively involved in the proliferation of cancer cells, the inhibition of NF-κB may thus result in anti-proliferation and pro-apoptosis effects 59, 60 . Figure 10 Immunohistochemistry of IL-6, NIK, IL-1β, NF-κB, IKK, CD126, TAK1 and TNF-α staining of tumor sections in the orthotopic pancreatic tumor mice model. Scale bar ¼ 100 μm.
Among all treatment groups, the level NF-κB in the tumor sections was significantly reduced in the NNPs/CLT treated group (Figs. 9 and 10 ). Furthermore, NNPs/CLT showed less cardiotoxicity compared to CLT solution and no significant damages to vital organs following systemic administration, which represents a viable delivery vehicle with targeting efficiency and safety. Despite improved inhibition effect against primary tumors, NNPs/CLT significantly minimized liver metastases in the orthotopic tumor model as compared to CLT solution and NPs/CLT. The anti-metastasis effect of NNPs may result from targeting the circulating cancer cells as previously reported 22 .
Conclusions
We have developed naïve neutrophil membrane-coated PEG-PLGA nanoparticles to achieve pancreas-specific delivery of therapeutic compounds by overcoming the blood-pancreas barrier. A naturally derived compound, celastrol, was well proven to show excellent anticancer efficacy in both the ectopic and orthotopic pancreatic carcinoma animal models. Overall, NNPs/CLT selectively delivered to the disease site in pancreas achieved site-specific release of CLT, which then functions through down-regulating a series of proinflammatory factors to impact the local disease environment and improve the therapeutic outcome.
